Similarity between related genomes may carry information on selective constraint in each of them. We analysed patterns of similarity between several homologous regions of Caenorhabditis elegans and C. briggsae genomes. All homologous exons are quite similar. Alignments of introns and of intergenic sequences contain long gaps, segments where similarity is low and close to that between random sequences aligned using the same parameters, and segments of high similarity. Conservative estimates of the fractions of selectively constrained nucleotides are 72 %, 17 % and 18 % for exons, introns and intergenic sequences, respectively. This implies that the total number of constrained nucleotides within non-coding sequences is comparable to that within coding sequences, so that at least one-third of nucleotides in C. elegans and C. briggsae genomes are under strong stabilizing selection.
Introduction
After an evolving lineage splits, independent mutation and random drift in the new lineages lead to divergence of their homologous DNA sequences. Different positive selection in the new lineages accelerates their divergence, while uniform negative selection due to retention of the same function in all lineages leads to selective constraint and slows the divergence down (Kimura, 1983 ; Ohta, 1992) .
Protein-coding regions usually evolve slowly, indicating strong selective constraint (Kimura, 1983 ; Gillespie, 1991 ; Ohta, 1992) , although some evolve very fast (Messier & Stewart, 1997 ; Swanson & Vacquier, 1998) . Many instances of selective constraint were also detected in non-coding DNA (e.g. Li & Salter, 1991 ; Koop, 1995 ; Jan et al., 1997) , both transcribed and untranscribed, but there have been no estimates of the proportion of constrained nucleotides within the total non-coding DNA of any species. Such estimates are particularly important for multicellular eukaryotes, because non-coding DNA constitutes from approximately 70 % (Caenorhabditis elegans) to approximately 95 % (Homo sapiens) of their genomes (Zuckerkandl, 1992) .
New data on C. briggsae DNA sequences (currently over 5 Mb), together with the complete sequence of C. elegans genome (97 Mb ; C. elegans Sequencing Consortium, 1998) provide the first opportunity to study the pattern of similarity between the genomes of two closely related species, because the available C. briggsae sequences represent a more or less random sample from its genome (Marco Marra, personal communication). Here we report the analysis of the pattern of similarity within approximately 150 kb of homologous C. briggsae and C. elegans sequences.
Materials and methods

(i) Sequences
C. elegans sequences are from GenBank. C. briggsae sequences were obtained from the Genome Sequencing Center of Washington University (http : \\ genome.wustl.edu\gsc\Web pages\projects.html). Region I is stored on fosmids (cosmids) G44K07 (nucleotides 1-48276) in C. briggsae and on F52E4 (9150-33796) followed by K10B3 (200-21648) in C. elegans. Region II is stored on G47G21 (1-40832) in C. briggsae and on C36B1 (1-13621) followed by F39H11 (1-18914) and K07A12 (18500-28990) in C. elegans. Region III is stored on G47G21 (1-43073) in C. briggsae and R02D5 (6788-42650) in C. elegans. Ten spacers are stored on CET22C1 (18015-22528) and G45023 (28386-33352), ZK381 (19610-22174) and G45C20 (17133-19420), C16C2 (7947-10001) and G41N04 (3991-5902), C18A3 (37642-42010) followed by F10C1 (1-6567) and G47F04 (20703-32358), T04H1 (10021-12600) and G46N07 (4415-7010), C41A3 (2705-4792) and G44J05 (4236-7653), T19E7 (3477-9212) and G46012 (15563-21900), C25F6 (1495-5095) and G01D9 (19240-22254), ZK632 (15657-17758) and G01C6s2 (4823-6057), and F57F5 (9555-12680) and G45L11 (9824-12275) in C. elegans and C. briggsae, respectively.
(ii) Alignment All homologous sequences of C. elegans and C. briggsae analysed here contain segments of strong, unambiguous similarity interspersed with segments of much weaker similarity (see below). Due to this pattern, the following procedure was used to align these sequences. First, a pair of homologous C. elegans and C. briggsae sequences was analysed using WBlast, which locates strongly similar segments (http : \\ genome ; wustl ; edu \ gsc \ blast \ blast servers ; html) After this, these segments were realigned individually using the program GAP (GCG), which produces an optimal alignment, i.e. an alignment having the maximal possible weight under given parameters. Segments of weak similarity, bounded by the already aligned successive segments of strong similarity, were then aligned using GAP with the same parameters. This procedure yields optimal alignment of the whole pair of sequences because interspecific homology of segments of strong similarity is unambiguous.
We have chosen those parameters that produce sensible alignments of obviously homologous sequences of C. elegans and C. briggsae. In particular, because such sequences often differ from each other by long insertions or deletions, gap length penalty must be zero or very low. The following parameters were used : match weight j1n0, mismatch weight k0n2, gap initiation weight k8n0 and gap length weight 0n0 (for both internal and end gaps).
Dr Webb Miller (personal communication) obtained, using a modified version of the algorithm Fig. 1 . Optimal alignment of a portion of homologous intergenic regions of C. elegans and C. briggsae genomes (stored on cosmids C25F6 and G01D9, respectively) subdivided into similarity segments. Segments of high similarity are in upper-case letters and segments of low similarity are in lower-case letters. described in Huang et al. (1990) , alignments of regions I, II and III that are essentially identical to ours.
(iii) Functional regions
Putative locations of exons in C. elegans genome are indicated in Entrez data base. Alignments of the homologous sequences of the two species and program GeneScan (http : \\gnomic;stanford;edu\ GENSCAN;html, http : \\CCR-081;mit;edu\ GENSCAN;html) were used to find the corresponding exons in C. briggsae and to refine locations of exons in both species, as well as to find putative sites of initiation and termination of transcription. In most cases, alignments supported putative exons presented in Entrez. Intergenic sequences, being on average about 3000 nucleotides long, are mostly untranscribed, because the putative sites of initiation and termination of transcription could usually be found close to the first or the last exon of a gene, respectively.
(iv) Patterns of similarity
We subdivided each of our 13 alignments into segments reflecting the pattern of similarity in them. These ' similarity segments ' may be different from those that appeared in the course of aligning. Let us define the quality of a piece of alignment as the number of matches minus the number of mismatches and the total length of gaps in it. In introns or intergenic sequences, we first found very similar ' boxes ' (pieces of alignment with quality no less than 15, such that the distance between any two successive matches was below 5). After this, we attempted to expand each box, independently in both directions. The expansion proceeded until (1) the quality of the expanded box began to drop or (2) a piece of alignment with quality k10 or lower was encountered. Each expanded box constituted a segment of high similarity. A piece of alignment between two such successive segments constituted one segment of low similarity if it did not contain any gaps more than 50 nucleotides long. Otherwise, each such gap, as well as each piece of the alignment between them, was treated as a separate segment of low similarity. Each exon constituted a separate segment of high similarity. Fig. 1 shows the subdivision of a representative alignment into similarity segments. Similarity h within a segment was defined as the number of matches divided by the length of the shorter sequence within this segment. Zero similarity was attributed to gap segments.
(v) Selecti e constraint
The degree of similarity varies widely along C. elegans and C. briggsae genomes (e.g. Fig. 1 ), implying very different rates of evolution and strengths of selective constraint in different segments. Obviously, some nucleotide sites in C. elegans and C. briggsae genomes are invariant or almost invariant while others are free to evolve. Thus, we assume that there are only two classes of sites -freely evolving and invariant (Kimura, 1977 ; Kondrashov & Crow, 1993) -and that selective constraint within a sequence is characterized by the fraction of invariant nucleotides in it. This may be a good approximation because under a particular effective population size, the range of selection coefficients under which evolution is slowed but not completely arrested by negative selection is narrow (Gillespie, 1991 ; Messier & Stewart, 1997) . To describe the inequality of evolution rates across sites in non-coding regions of C. elegans and C. briggsae genomes by the fraction of invariant sites clearly is more appropriate than to use, for example, a gamma distribution or a log-normal distribution, which are unimodal and contain two parameters (Waddell et al., 1997) .
Similarity within many segments of our alignments is the same as within alignments of random sequences (see Section 3), implying that no ancestral similarity between C. elegans and C. briggsae is left at freely evolving sites. Thus, it is impossible to estimate the number of nucleotide substitutions per freely evolving site after the divergence of C. elegans and C. briggsae (Li, 1997, chapter 4) . Instead, we will estimate the fraction of invariant nucleotides. This task is complicated somewhat by the fact that such nucleotides may significantly affect the sequence alignment.
Consider a segment of alignment, with similarity h, which involves two sequences of lengths N " and N # (N " N # ). Matches constitute the fraction h l p " jc(1kp " ) of the shorter sequence, where p " is its fraction of invariant nucleotides and c is the probability that a freely evolving nucleotide in the shorter sequence corresponds to a match in the alignment. From this, p " l (hkc)\(1kc). Because the number of invariant nucleotides must be the same in the shorter and in the longer sequences, the fraction of invariant nucleotides in the longer sequence is p
. In a gapless alignment of two long random sequences, c is the sum of squares of frequencies of the four nucleotides (assuming that these frequencies are the same in both sequences). This sum is 0n26 in our case (the average nucleotide frequencies, very similar in C. elegans and C. briggsae, are " 0n30, " 0n30, " 0n20 and " 0n20 for A, T, G and C, respectively). However, if gaps are introduced to increase the number of matches, c can be higher. In alignments of random sequences longer than 100 nucleotides with the above nucleotide frequencies, produced under the same parameters that were used to align actual sequences, h l 0n41p0n02 (Fig. 2) . This implies c l 0n41, because p l 0 in this case. When p " increases, c rapidly declines to 0n26 because invariant nucleotides begin to dictate the alignment of the freely evolving nucleotides.
Aligning randomly generated sequences with the known fractions of invariant nucleotides, interspersed randomly among the others, we have found that c reaches " 0n26 when p " 0n2. To be conservative, we attributed positive selective constraint only to segments with h 0n48, while p " l p # l 0 was recorded for all segments with h 0n48. Assuming c l 0n26, h 0n48 implies that p " 0n30. Thus, we did not attempt to detect randomly interspersed invariant nucleotides if they constituted less than 30 % of a segment.
Results
We analysed three long homologous regions of C. elegans and C. briggsae genomes, located on chromosomes X (region I), 1 (region II) and 5 (region III), as well as 10 homologous complete intergenic sequences from different parts of the genomes (two sequences on each of chromosomes X, 1, 4 and 5, and one sequence on each of chromosomes 2 and 3), each spanning the whole distance between two successive homologous genes.
Polycistronic mRNAs, known in Caenorhabditis, usually include only closely adjacent genes (Blumenthal, 1995 ; Evans et al., 1997) . Because just one of 35 complete intergenic sequences in our sample was, in both species, shorter than 400 nucleotides, we regard these sequences as untranscribed.
Within regions I, II and III the genomes of the two species are mostly collinear, i.e. their homologous genes appear in the same order. There were, however, two exceptions : (1) C. elegans has a putative extra gene between genes 7 and 8 in region I, while C. briggsae has a non-coding sequence between these genes, and (2) C. elegans has an insertion of an extra gene and a transposable element between genes 2 and 3 in region III. These regions of non-collinearity were excluded from consideration. After this, region I contained 10 putative protein-coding genes and 9 complete intergenic sequences, region II contained 11 genes and 11 intergenic sequences, and region III contained 4 genes and 4 intergenic sequences. Within each region, different genes code for rather dissimilar proteins and apparently do not constitute any clusters. The overall lengths of the analysed exons, introns and intergenic sequences were 34 917, 21 500 and 101175 in C. briggsae and 35 216, 20 611 and 101 447 in C. elegans. Thus, the average lengths of all exons of a gene, all introns of a gene and a complete intergenic sequence were 1397, 860 and 2976 in C. briggsae and 1409, 824 and 2984 in C. elegans, and exons, introns and intergenic sequences constitute approximately 28 %, 16 % and 56 % of our sequences, respectively, which is very close to the average genomic figures for C. elegans (C. elegans Sequencing Consortium, 1998).
We aligned homologous sequences from the two genomes and analysed the patterns of similarity within these alignments. Two examples are shown in Fig. 3 . Two general features of these alignments are important. First, the level of similarity fluctuates widely along the alignments : highly similar segments where alignment is unambiguous are separated by much less similar segments. Highly similar segments include all exons, as well as many pieces of introns and intergenic sequences. Secondly, the alignments of intergenic sequences and of some introns, but not of exons, involve substantial numbers of gaps. The total length of all alignments of intergenic sequences was 120 193, i.e. 19 % longer than the lengths of the aligned sequences, with 186 gaps each more than 50 nucleotides long. Numerous segments of lower similarity within our alignments, often more than 500 nucleotides long, usually have similarity h " 40 % (Fig. 3) , i.e. the same as within alignments of random sequences with the same base composition (Fig. 2) . We re-aligned 30 of such segments using several sets of parameters different from those described above and never obtained similarity substantially higher than that between random sequences aligned using the same parameters. In particular, under zero gap initiation penalty (gap length penalty was always zero ; see Section 2) similarity within segments the re-aligned segments of low similarity was approximately 68 %, which is not significantly different from random similarity with no gap penalties.
Optimal alignments of related genomes, obtained under appropriate parameters, can reveal similarity inherited from the common ancestor, as long as no collinearity-disrupting events (inversions, duplications and transpositions) occurred in either lineage after their split. It is unlikely that such events were common in the course of independent evolution of C. elegans and C. briggsae because their gene orders are mostly the same. We conclude that, although C. elegans and C. briggsae are considered phylogenetically close (Fitch et al., 1995 ; Sudhaus & Kiontke, 1996) , there has been enough time since their last common ancestor for all traces of similarity between these species to be lost in many long regions of their genomes.
Thus, in agreement with other authors (Maduro & Pilgrim, 1996 ; Kuwabara, 1996) , we will interpret ' over-random ' similarity between many segments of C. elegans and C. briggsae genomes as the result of selective constraint. Alternatively, high similarity within a segment may reflect a locally low mutation rate. While this explanation cannot be ruled out completely at this point, it seems unlikely because synonymous site divergences for some Caenorhabditis genes are very high (Stenico et al., 1994) , although this divergence is lower for some other genes. Also, the corresponding C. elegans and C. briggsae sequences often have rather different lengths (e.g. Fig. 1 ) indicating that many length-changing mutations were accepted during their independent evolution. Thus, a very wide variability of mutation rates at the scale of 100-1000 nucleotides, not supported by any data, must be pervasive in Caenorhabditis genomes in order for the second explanation to work.
Selective constraint within a segment of a sequence, described by the fraction of invariant nucleotides it contains, was estimated from the data on interspecific similarity (see Section 2). Average selective constraint within all exons, all introns and all intergenic sequences is 0n722, 0n168 and 0n177 in C. briggsae and 0n715, 0n175 and 0n176 in C. elegans. The distributions of the mean values of selective constraint in all exons of a gene, all introns of a gene and a complete intergenic sequence has the averages and standard deviations 0n691p0n10, 0n198p0n14 and 0n219p0n12 in C. briggsae and 0n687p10, 0n201p0n13 and 0n218p0n14 in C. elegans. The values of selective constraint within sequences that constitute all segments of alignments of intergenic sequences are presented in Fig. 4. 
Discussion
Implications of our analysis for whole genomes of C. elegans and C. briggsae must be treated with caution, because we studied only 0n15 % of them. Nevertheless, visual inspection of alignments of over 1 Mb of homologous sequences from C. elegans and C. briggsae suggests that the analysed sequences are fairly typical. If so, the fraction of functionally important nucleotides in the whole Caenorhabditis genome, F, is at least 28 % M 0n72 (exons)j16% M 0n17 (introns)j56 % M 0n18 (intergenic sequences) l 32 %, with exons containing approximately 60 % of such nucleotides.
This estimate of F is conservative because we neglected weak constraints in introns and intergenic sequences and did not count sites that evolved due to directional selection or because some, but not all, mutations in them are neutral (e.g. if selection controls only the length, or GC-content, of a sequence). Our algorithm for defining segments, while clearly separating those that are highly conservative, may leave a substantial number of scattered constrained nucleotides within the segments from the bottom cluster (Fig. 4) . The true fraction of constrained nucleotides in introns and intergenic sequences may be substantially higher than 18%.
Nevertheless, a large fraction of the Caenorhabditis genomes appears to be truly functionless, in particular because long gaps in the alignments suggest that many insertions and\or deletions were accepted by evolving populations. Regions of untranscribed DNA of high functional importance are interspersed among much less important or even neutral regions (Figs 1, 3) .
Selective constraint in exons is primarily due to their protein-coding function, because their nucleotide sequences are less similar than the amino acid sequences derived from them (data not reported). Selective constraint in introns is at least partially due to their functioning in splicing, because it was generally higher at their edges (data not reported). Strikingly, intergenic sequences of Caenorhabditis consist of segments that belong to two distinct, mostly nonoverlapping classes, having high versus low or absent selective constraint (Fig. 4) .
The existence of such distinct classes was strongly suggested by the data on DNA-DNA hybridization involving closely related species of Drosophila, because while some unique sequences formed stable interspecific hybrids, others did not hybridize even under low stringency (see Powell, 1997) . Of course, explicit comparison of known sequences allows one to reach more definite conclusions. The characteristic length of highly constrained segments is consistent with their involvement in DNA-protein interactions (Ptashne & Gann, 1997) and detailed small-scale analysis of the patterns of constraint within individual segments will be important for understanding functioning of noncoding DNA.
The value of F establishes a connection between the total diploid genomic mutation rate T l 2 µG, where µ is the per nucleotide mutation rate and G is genome size, and genomic deleterious mutation rate U : U l FT (Kondrashov & Crow, 1993) . Unfortunately, there is no firm estimate of µ in Caenorhabditis (see Keightley & Caballero, 1997) because the reported per locus spontaneous mutation rates in C. elegans vary from 3i10 −( to 2n5i10 −& (Eide & Anderson, 1985 ; Schnabel et al., 1991) .
So far the only multicellular organism for which a reliable estimate of µ is available is Homo sapiens. This estimate, µ " 2i10 −) (see Kondrashov, 1998) , implies T " 2i10 −) i7i10* " 100 (Crow, 1997) . Assuming that protein-coding sequences constitute 3-5 % of the human genome and that, as in Caenorhabditis, comparable numbers of functionally important nucleotides occur within coding and non-coding sequences, we arrive at an estimate F " 10 % and U " 10 for our species. Of course, this estimate of F is very tentative. We need good estimates of µ and F obtained for the same species, which is probably the best way of measuring U for the species.
